A simple fatigue life prediction algorithm using the modified NASGRO equation is proposed in this paper. The NASGRO equation is modified by introducing the concept of intrinsic effective threshold stress intensity factor (SIF) range (Δ eff ) th . One advantage of the proposed method is that the complex growth behavior analysis of small cracks can be avoided, and then the fatigue life can be calculated by directly integrating the crack growth model from the initial defect size to the critical crack size. The fatigue limit and the intrinsic effective threshold SIF range (Δ eff ) th are used to calculate the initial defect size or initial flaw size. The value of (Δ eff ) th is determined by extrapolating the crack propagation rate curves. Instead of using the fatigue limit determined by the fatigue strength at the specific fatigue life, the fatigue limit is selected based on the horizontal tendency of the -curve. The calculated fatigue lives are compared to the experimental data of two different alloys. The predicted -curves agree with the test data well. Besides, the prediction results are compared with that calculated using the FASTRAN code. Results indicate that the proposed life prediction algorithm is simple and efficient.
Introduction
Despite more than one hundred years of research, the fatigue life prediction is still a challenging problem. The traditional cumulative fatigue damage (CFD) theories are often used for predicting the fatigue life of structural materials. Different CFD formulas are proposed to predict the -curve, such as the famous Basquin form [1] in the stress-based method and the Coffin-Manson relationship [2, 3] in the strain-based method. It should be noted that many factors can affect the fatigue life, such as the material geometry [4, 5] , the stress state [6] [7] [8] [9] , and the effect of environment [10] [11] [12] . But these factors are not taken into account in the CFD-based life prediction method. Besides, there are no clear definitions for the fatigue failure in above methods. In a sense, the CFD-based life prediction models are more experience-based rather than physical.
With the advent and technical developments of Linear Elastic Fracture Mechanics (LEFM) theories and computer science, large efforts have been devoted to predict or to understand the crack growth behavior. The Irwin stress intensity factor (SIF) range was first used by Paris and Erdogan [13] to characterize the crack growth behavior under external cycle loading, and the crack propagation rate is characterized using the SIF range concept. Since then, several crack propagation models were proposed, such as the Priddle equation [14] and the Forman model [15] , and the crack growth behavior was divided into three stage: the near threshold region, the Paris region, and the unstable crack propagation region. The discovery of crack closure by Elber [16] was another major step in the crack growth analysis. The crack closure is a physical phenomenon that the crack is already closed before the external tensile loading is completely unloaded, and also the crack will still remain closed until the external tensile loading reaches a certain level. It is reported that many mechanism models can explain the crack closure phenomenon, such as the plasticity-induced crack closure [16] , the oxide-induced crack closure [17] , and the roughness-induced crack closure [18] . Among them, Newman's finite element model is the best and deserves future developments [19] . Newman's strip yield model [20, 21] was based on the Dugdale model [22] and was then further developed and implemented into the NASGRO 2 Mathematical Problems in Engineering software [23, 24] and the FASTRAN code [25] . Even when these advanced crack growth models which are based on the crack closure are proposed, it is still a tough task today to calculate the fatigue life by directly integrating the crack propagation model from the initial defect size to the critical crack length.
Newman Jr. et al. [26] [27] [28] calculated the fatigue lives of various materials and specimen configurations using the FASTRAN code and small-crack theory. The life prediction model imbedded in the FASTRAN code is Newman's crack closure model. It is known that the growth behavior of small cracks is far different from that of large cracks [29, 30] , and the small-crack growth mechanism has not been fully understood yet. Besides, the traditional SIF range Δ solution may not be applicable to a small crack if the crack initiates from a subsurface inclusion [31] . The other problem is that the value of (Δ eff ) th and initial defect size which are the key parameters in the LEMF-based life prediction method are selected via trial and error. This paper is aimed at simplifying the life prediction algorithm by using the modified NASGRO equation and the equivalent initial flaw size (EIFS) concept [32] . The fatigue lives can be calculated by directly integrating the crack growth model from the initial defect size to the critical crack size. The complex growth mechanism of a small crack can be ignored in the proposed method. In addition, the value of (Δ eff ) th is determined by extrapolating the / ∼ Δ eff relation and the EIFS concept is used to calculate the initial defect size.
Fatigue Life Prediction Algorithm
The plasticity-induced crack closure was discovered by Elber [16] , and then many numerical models were proposed to simulate the crack closure phenomenon. Newman Jr. firstly developed a ligament or strip yield model [20, 21] based on the Dugdale model framework, and the model was further developed and implemented into the NASGRO code [23, 24] which is widely used for the crack growth analysis; the equation is expressed as
where 1 , 2 , , and are materials constants. Δ th is the threshold SIF range, Δ is the SIF range, max is the maximum SIF, is the critical SIF, and Δ eff is the effective SIF range and can be expressed as a function of Δ and :
where is a function of the stress ratio and Newman's crack opening function and is expressed as
For constant loading, is expressed as
where
max / 0 and are used to calculate the crack open function in NASGRO software. According to the NASGRO user manual, max / 0 is selected as 0.3 in general [23, 24] . is the constraint factor which is used to consider the stress state effect. Theoretically, is 1 in the plane stress condition and 3 in the plane strain condition. For the aluminum alloy, were selected from 1.7 to 2 in general [26] . In this paper, is assumed to be 2. controls the shape in the threshold region and should be calibrated using the experimental data in the threshold region. For the reason that the crack growth data in the threshold region are not sufficient or even not available, an initial value of is guessed. In the NASGRO database [23, 24] , some typical values of can be used here. In this paper, is selected as 1 for Al2024-T3 and 1.5 for Al7075-T6. 1 is the material constant and 2 is the Paris exponent, and they can be calibrated using the crack propagation data in the Paris region.
The value of Δ th is the key parameter for life prediction algorithm based on the LEFM and is often used in the fatigue crack growth analysis. It defines a value below which the fatigue crack will cease to grow or the growth rate is slow enough to be neglected. It is known that the crack nucleation and the small-crack growth consume most of the fatigue life [33] . Hence, the fatigue life is very sensitive to the threshold SIF range. The accuracy of the value of Δ th will have a large impact on model predictions based on the LEMF. Experiments are the main methods to obtain the values of Δ th in the current research, such as the loadreduction test method in ASTM E647 and the compression precracking method [34] . In other words, the value of Δ th highly depends on the experimental techniques which may lead to quite different measurements of Δ th . In the current work, the concept of "intrinsic effective threshold stress intensity factor" (Δ eff ) th is introduced considering the crack closure effect and is considered to be the material property which is independent of the stress ratios or experimental technique. Similar concept is also used in Newman's fatigue life prediction model [26, 27, 35] , but the value of (Δ eff ) th in this paper is not determined via trial and error and is obtained by extrapolating the crack growth rata curve, that is, / ∼ Δ eff in the logarithm linear region to 10 −10 m/cycle. The NASGRO equation is hence modified as
Since only a very small part of fatigue life is consumed in the fast crack propagation stage, (6) is hence simplified as
Fatigue life is expressed as
where is the critical crack size when the fatigue failure occurs. can be set as a constant in the numerical simulation, since the fatigue life consumed in the fast crack propagation stage is negligible. is the initial defect size and is often determined by solving the El Haddad equation [36] ; the equation is expressed as
where Δ is the fatigue limit, represents the surface crack length, and represents the boundary correction factor. Multiply both sides of (9) by , and (9) can be expressed as
where (Δ eff ) th = Δ th and = (1 − )/(1 − ). (Δ eff ) th is the intrinsic effective threshold SIF range. in this paper is determined by solving (10).
In the current study, smooth and circular-hole specimens are used to validate the proposed method, as shown in Figure 1 . The surface crack for a smooth specimen is modeled as a semicircular surface crack; that is, the crack depth is equal to the surface crack length. The boundary correction factor for a surface crack is expressed as [37] 
where is the surface crack depth, 2 is the surface crack length, is the plate width, and is the plate thickness. In this paper, only crack growth in the surface crack tip is considered and its SIF range ( = 0) is used in (10) . The surface crack for a circular-hole specimen is modeled as a quarter-circular corner crack, as shown in Figure 1 , and the corresponding boundary correction factor is available in the literature [38] . For low-cycle fatigue condition, the plastic zone effect cannot be neglected. The SIF range considering the plastic zone effect is expressed as
where = + , is the boundary correction factor considering the plasticity correction, and the plasticity correction factor is given by [32] = (sec (
where max is the maximum stress and 0 is the flow stress and is equal to the average of the ultimate strength and yield strength.
Model Validation for Smooth and Circular-Hole Specimens

Experimental Data.
The crack growth rate data of Al2024-T3 and Al7075-T6 under different stress ratios are collected from the literature [39] . They are used to calibrate parameters 1 and 2 in (8). Figure 2 shows the / ∼ Δ eff relation of Al2024-T3 and Al7075-T6. For Al2024-T3, the calibrated parameters 1 = 3.5535 − 11, 2 = 4.059, and the corresponding (Δ eff ) th is 1.2903 MPa. For Al7075-T6, 1 = 1.5779 − 10, 2 = 3.477, and the corresponding (Δ eff ) th is 0.8771 MPa.
The fatigue life test data of Al2024-T3 and Al7075-T6 are collected from the open literature [26, 40, 41] , and the corresponding geometric sizes are listed in Tables 1 and 2 . The fatigue properties for two different aluminum alloys used here are listed in Table 3 . Δ and Δ ℎ are the fatigue limits of smooth and circular-hole specimens, respectively. EIFS and EIFS ℎ calculated by using (10) are the corresponding EIFS.
Life Prediction for Smooth Specimens.
The predicted -curves using the proposed method are compared with experimental data under different stress ratios, as shown in Figure 3 . The solid lines represent predicted -curves and the solid marks are experimental data. The predicted fatigue lives are consistent with experimental data. Figure 4 shows the calculated fatigue lives and test data. The predicted fatigue lives agree well with the experimental data.
Life Prediction for Circular-Hole Specimens.
Discussion and Conclusions
Newman Jr. et al. [26] calculated the fatigue lives of two aluminum alloys using the FASTRAN code, and the life prediction model imbedded is Newman's crack closure model. In Newman's life prediction approach, the values of (Δ eff ) th and initial defect size, which are the key parameters in the LEMF-based life prediction method, are empirically selected via trial and error to fit the experimental data. In a sense, it is more experience-based rather than physical. In this study, the fatigue life is calculated by integrating the modified NASGRO equation from the initial defect size to the final crack size. The extrapolation method is used to determine the value of (Δ eff ) th , and the initial defect size is estimated using the EIFS concept. In Figure 5 , the life predictions of the proposed model are compared with the experimental data and Newman et al. 's results [26] . Solid lines are the numerical calculation results using the proposed algorithm, and the dashed lines are Newman's prediction results. The calculated fatigue lives are a little conservative compared with Newman's model predictions in the low-cycle fatigue region. In the middle and high cycle fatigue region, the prediction results of both methods are nearly the same. However, Newman's life prediction algorithm is very complicated and experiencebased. On the whole, the life prediction algorithm proposed in this paper is more simple and efficient.
Fatigue limit is the main parameter used to calculate the EIFS. However, studies show that the fatigue limit may not exist for metallic materials in the very high cycle fatigue (fatigue life longer than 10 7 cycles in general) [42, 43] . In this paper, the fatigue limit is determined based on the test data in the region where the fatigue life is larger than 10 6 cycles. If the experimental data show obvious horizontal tendency in this region and have little dispersion, the conservative data points are used in fitting the fatigue limit, such as the smooth Al7075-T6 specimens under = −1. If the experimental data show larger discrepancies, the conservative data point is considered in determining the fatigue limit, and the weight should also be taken into account, such as the smooth Al7075-T6 specimens under = 0. The little change in the value of fatigue limit will not have a significant effect on model predictions. Figure 6 shows the calculated fatigue lives of smooth Al2024-T3 specimens under = 0 using different values of fatigue limit. It can be seen from Figure 6 that the life prediction results are almost the same.
There are some discrepancies existing between the calculated fatigue lives and experimental data, especially under high stress range. One possible reason is that the coalescence of multiple cracks is predominant in the early crack propagation stage [44, 45] , and the crack size may increase abruptly. The abrupt change in the crack size is not considered in the proposed method. Besides, the crack depth is assumed to be equal to the crack length which may also cause discrepancies.
In this study, a simple and efficient fatigue life prediction algorithm based on the LEFM is proposed. The crack propagation model is based on the modified NASGRO equation. The concept of intrinsic effective threshold SIF range (Δ eff ) th is introduced in the modified NASGRO equation. The value of (Δ eff ) th is determined by back-extrapolation. The fatigue limit and intrinsic effective threshold SIF range (Δ eff ) th are employed to estimate the initial defect size. The following conclusions can be drawn:
(1) Only large crack propagation data are required in the proposed life prediction algorithm, and the algorithm can avoid the complicated analysis of small-crack propagation. A number of test data verified the effectiveness of the proposed life prediction algorithm.
(2) (Δ eff ) th is considered as the material property which is independent of stress ratios, and it is obtained from large crack growth data by back-extrapolation.
(3) The proposed algorithm is validated by two aluminum alloys (Al2024-T3 and Al7075-T6) under constant amplitude loading, and it can calculate fatigue lives of any structure materials if the corresponding accurate Δ solutions are available.
